The safety, tolerability, and pharmacokinetics (PKs) of bapineuzumab (AAB-001), a humanized monoclonal antibody to amyloid b, were evaluated in patients with mild-to-moderate Alzheimer disease in a phase 1, randomized, third-party unblinded, placebo-controlled, single ascending dose trial. Thirty patients received bapineuzumab infusion of 0.5, 1.5, or 5 mg/kg or placebo (6 active, 2 placebo for 0.5 and 1.5-mg/kg cohorts; 10 active, 4 placebo for 5.0-mg/kg cohort). Three patients in the highest dose cohort (5.0 mg/kg) developed magnetic resonance imaging abnormalities consistent with vasogenic edema, predominantly high signal abnormalities on fluid-attenuated inversion recovery sequences, all of which resolved over time. Plasma amyloid b was elevated from baseline, peaking approximately 24 hours after infusion. PK analysis demonstrated a half-life of 21 to 26 days, supporting a 13-week dosing interval for bapineuzumab. This small, single-dose study demonstrated the safety profile and PK characteristics of bapineuzumab and was used to design later safety and efficacy trials.
T he amyloid b (Ab) peptide is the product of the enzymatic cleavage of the amyloid precursor protein, a transmembrane protein found abundantly in neurons. Accumulation of Ab is thought to play a central role in the neuropathogenesis of Alzheimer disease (AD). 1 Anti-Ab immunotherapy has been shown to reduce neuropathologic changes and reduce decline in cognitive and memory function in multiple transgenic mouse models of AD. [2] [3] [4] Initial clinical studies of active immunization with synthetic full-length Ab peptide (AN1792) were discontinued after reports of meningoencephalitis in 6% of patients that resulted in cognitive or neurologic sequelae in few of them. 5 This adverse event (AE) was likely due to the induction of a proinflammatory T-cell response to full-length Ab. 6 Subsequent epitope mapping indicated that antibody responses to AN1792 were almost exclusively directed toward the N-terminal residues. 7 Various studies in mouse models have demonstrated that immunotherapy with antibodies targeted to the N terminus of Ab, which does not contain T-cell activating epitopes, inhibits neurocytotoxicity and fibrillogenesis. 8 Evidence for the efficacy of N-terminal antibodies, combined with the desire to avoid harmful T-cell effects, have led to clinical trials using monoclonal antibodies (mAbs) targeted toward Ab. Bapineuzumab (AAB-001) is a fully humanized mAb specific to the N-terminal region of Ab.
The primary objective of this study was to determine the safety and tolerability of single ascending doses of bapineuzumab. The secondary objective was to characterize the pharmacokinetic (PK) profile of bapineuzumab and to provide a preliminary assessment for future multiple-dose regimens. An exploratory objective of the study was the assessment of efficacy using the Mini-Mental State Examination (MMSE).
METHODS
This was a multicenter, randomized, third-party unblinded, placebo-controlled, single dose study of 3 active ascending dose groups of intravenous bapineuzumab in male and female patients with mild-to-moderate AD.
This study was conducted in accordance with the ethical principles of the Declaration of Helsinki and was in compliance with Good Clinical Practice. Individual site institutional review boards provided the approval for the protocol as well as the informed consent forms.
Patients between the ages of 50 and 85 years with a diagnosis of probable AD according to National Institute of Neurological and Communicative Disorders and Stroke/ Alzheimer's Disease and Related Disorders Association criteria were eligible for enrollment in the study. Other requirements included an MMSE score of 14 to 26, a Rosen Modified Hachinski Ischemic score r4, a magnetic resonance imaging (MRI) scan (performed between screening and baseline) consistent with the diagnosis of AD, and stable doses of medications for treatment of nonexcluded medical conditions for 4 weeks before screening. Patients receiving approved symptomatic treatments for AD were allowed in the study if they were on stable doses for 3 months.
Patients were randomly assigned in a blinded fashion (ie, third-party unblinded) to receive study drug at escalating doses of 0.5 mg/kg (6 active, 2 placebo), 1.5 mg/kg (6 active, 2 placebo), and 5 mg/kg (10 active, 4 placebo). Dose escalation for the next cohort occurred every 10 weeks and was based on the safety data (including MRI) at 8 weeks after dosing from each patient in the cohort. The 5mg/kg dose cohort was repeated in consultation with an independent safety monitoring committee, and the study was subsequently stopped at 5 mg/kg due to MRI abnormalities (vasogenic edema) occurring at that dose.
One-year safety data were collected for patients who completed the study. The total duration of the study was approximately 2 years from the screening of first patient visit to the last one.
Safety
Safety assessments included AE reports; physical and neurologic examinations at screening and weeks 1, 4, 8, 10, 12, 16 and months 6, 9, and 12; 12-lead electrocardiogram at screening and weeks 4 and 16; vital signs at every visit; laboratory determinations at screening and weeks 1 to 16 and months 6, 9, and 12; and MRI brain scan including gradient echo sequences at baseline and week 8.
During and after the infusion of study drug, patients were observed for 6 hours. Sitting blood pressure and pulse were measured at 15-minute intervals during the infusion, for the first hour after infusion, and every 30 minutes thereafter.
PKs
Standard, model-independent PK methods were used to characterize the single-dose serum concentration-time profile of bapineuzumab over the dose range studied. PK parameters included peak concentration (C max ), time to C max (t max ), total area under the concentration time curve (AUC), systemic clearance, apparent steady-state volume of distribution, mean residence time, and terminal-phase elimination half-life (t ½ ). Blood samples for serum PK evaluations were collected from all patients at days 1, 2, and 3, and weeks 1, 2, 4, 6, 8, 10, 12, and 16.
Blood samples for exploratory analyses of plasma Ab concentrations were collected from all patients at 0, 1, 6, and 24 hours after the start of bapineuzumab infusion, and at weeks 2, 6, and 16. Serum samples were assayed for concentrations of bapineuzumab and antibapineuzumab antibodies by Wyeth Research's Drug Metabolism division or a designee using a validated enzyme-linked immunosorbent assay method.
Exploratory Efficacy
The MMSE was performed at screening, weeks 4 and 16, and months 6 and 12. As prespecified in the statistical analysis plan (SAP), week 16 was selected as the primary time point for a preliminary efficacy analysis, and a linear trend analysis was performed to explore a dose response based on MMSE change between the screening assessment and week 16. The SAP specified that if a statistically significant dose effect was observed, each dose group would be compared with placebo using Dunnett method to adjust the level of significance for multiple tests. The MMSE was assessed using an analysis of covariance with change from screening as the response, screening MMSE score as the covariate, and treatment as a main effect.
As specified in the SAP, in an exploratory analysis, t tests were performed on the mean MMSE change from screening scores, comparing placebo with each dose group. There was no control for multiplicity in these comparisons.
RESULTS

Patients
Forty-eight (48) patients were screened for participation in this study; 18 patients failed initial screening and were excluded. The remaining 30 patients were randomly assigned to a treatment group and comprised the safety population ( Fig. 1) . Patient demographics and baseline characteristics were comparable among groups (Table 1) . Ages ranged from 56 to 88 years, and most patients (67%) were white. None of the participating patients were known to have any illness at baseline that might interfere with the activity of bapineuzumab or interpretation of the study results. Many enrolled patients had a history of chronic, stable medical conditions that did not influence or interfere with the conduct of this study. All enrolled patients received some concomitant medications, most often analgesics (73%), other central nervous system drugs, including parasympathomimetrics (63%), vitamins (53%), anti-inflammatory or antirheumatic products (40%), psychoanaleptics (37%), serum lipid-reducing agents (37%), and antihypertensives (33%).
Safety
Most patients (28/30, 93%) reported at least 1 AE ( Table 2) . One patient each in the bapineuzumab 1.5 and 5-mg/kg groups did not experience an AE. The most frequently reported treatment-emergent AEs (TEAEs) in all treatment groups, including placebo, were back pain (20%), accidental injury (17%), asthenia (13%), headache (13%), and infection (13%). Most TEAEs were mild to moderate in severity and were not related to treatment. TEAEs are summarized in Table 2 . An episode of amaurosis fugax that was deemed possibly related to study drug by the investigator resolved without neurologic sequelae in 1 patient receiving 5-mg/kg bapineuzumab. One patient in the 1.5-mg/ kg bapineuzumab dose group died of respiratory failure 7 months after treatment. This patient's death was assessed as probably not related to bapineuzumab treatment by the investigator. MRI abnormalities consistent with vasogenic edema were reported in 3 patients receiving 5-mg/kg bapineuzumab. Two patients were asymptomatic, and the abnormalities were detected during the protocol MRI. One patient with mild, transient confusion received an unscheduled MRI scan at 4 weeks because of a decline in MMSE, but improved cognitively by the week 16 MMSE time point.
The MRI abnormalities in the 3 patients predominantly consisted of high signal intensity on fluid-attenuated inversion recovery (FLAIR) sequences, which were not present at baseline. The gradient echo (T2*) image in the transiently symptomatic patient showed a small punctate magnetic susceptibility lesion in the brain, close to the area of FLAIR abnormality, which was not seen on the earlier scans. This was presumably a small focus of associated microhemorrhage. Repeat MRI scans performed several weeks to months after the initial MRI changes showed that observed FLAIR MRI abnormalities had resolved in all patients, although the small focus of microhemorrhage in 1 patient was still evident (Fig. 2) . In the 2 patients who 
PKs
Mean bapineuzumab serum concentrations over time are shown for each dose group in Fig. 3 . Exposure (C max and AUC) increased with increasing dose. A 3-fold increase in dose from 0.5 to 1.5 mg/kg resulted in an approximately 6-fold greater exposure to bapineuzumab (Table 3) . Exposure for the 5-mg/kg dose group was approximately 2.6-fold greater ( Table 3 ) than that for the 1.5-mg/kg group (a 3.3-fold increase in dose). Clearance was highest for the 0.5-mg/kg dose group and was lower for the 1.5 and 5-mg/ kg dose groups. A median time to peak concentration between 1 and 2 hours after the start of bapineuzumab infusion was observed in all patients. Similar half-lives were observed for all 3 dose groups (mean = 23.7 d).
Plasma total Ab and Ab x À 40 increased with the administration of bapineuzumab. Generally, plasma Ab values peaked at the 24-hour or 2-week sampling time, returned close to baseline at 16 weeks for the 0.5-mg/kg cohort, and were above baseline at all time points for the 5-mg/kg cohort. Both plasma Ab 1 À x and Ab x À 40 displayed a positive relationship to bapineuzumab exposure (AUC).
No antibapineuzumab antibodies were found in any of the patients tested.
Exploratory Efficacy
The MMSE score increased from baseline at all time points for the 0.5-mg/kg dose and increased from baseline at all time points except month 6 for the 1.5-mg/kg dose. In contrast, the mean MMSE score decreased from baseline for all time points except month 6 for placebo and decreased from baseline for all time points for the 5-mg/kg dose of bapineuzumab.
At week 16 (primary time point), the dose response linear trend was not significant, therefore no individual dose group can be declared statistically superior to placebo, based on the primary statistical procedure prespecified in the SAP. However, based on prespecified exploratory analyses (in which treatment groups were to be compared with pooled placebo without control for multiplicity), the treatment difference was higher in the 0.5-mg/kg group (treatment vs. pooled placebo difference = 2.1, P = 0.152) and the 1.5-mg/kg dose (treatment vs. placebo difference = 2.6, P = 0.047) (Fig. 4) .
The final adjusted mean score on the MMSE increased to approximately 22.3 for the 0.5 and 1.5-mg/kg groups, but decreased to 20.7 for the 5-mg/kg group and 21.2 for the placebo group.
DISCUSSION
This study was conducted to determine the safety, tolerability, and PK of single ascending doses of bapineuzumab in patients with mild-to-moderate AD, and to provide a preliminary assessment for a future multiple-dose regimen study. We hypothesized that the administration of a humanized mAb directed against the N terminus of Ab FLAIR T2*
Wk4
Wk7 Wk12 would reduce or eliminate the formation of plaque and/or mediate the removal of plaque in patients with AD, thus slowing disease progression. The highest single infusion dose of 5 mg/kg was associated with MRI FLAIR abnormalities, the nature and pathophysiology of which remain the subject of investigation. The MRI findings were asymptomatic or resulted in transient side effects, such as mildly increased confusion. Repeat MRI scans performed over the subsequent weeks showed that observed MRI FLAIR changes had generally resolved. It is likely that these events represented vasogenic edema, indicative of altered vascular permeability induced by interaction of bapineuzumab with Ab in blood vessel walls. It is also possible that some vessels (eg, those with preexisting cerebral amyloid angiopathy) may be susceptible to slowed drainage of interstitial fluid after amyloid is mobilized by immunotherapy and removed along perivascular pathways. 9 N-terminal antibodies have been shown to clear amyloid deposits from the brain in studies of autopsy tissue derived from patients exposed to AN1792. [10] [11] [12] Microhemorrhage was associated with the emergence of vasogenic edema in 1 patient. Cerebral hemorrhage has also been reported to occur in transgenic mice that expressed high levels of Ab after administration of mAbs similar to m3D6, the murine parent of bapineuzumab, which are specific for the N terminus of Ab. 13, 14 Immunized mice exhibited more than 2-fold increase in the frequency of cerebral amyloid angiopathy-associated cerebral hemorrhage. In these mice, microhemorrhages and intracellular accumulations of hemosiderin were found in proximity to areas of vascular amyloid deposition. 14 To monitor microhemorrhage, patients in this study routinely underwent MRI scans using the T2* sequence, which is highly sensitive to the presence of microscopic heme deposits that might be sequelae of microhemorrhage in the brain. Microhemorrhages are reported to occur in up to 18% of AD patients using this MRI sequence. 15 This finding warrants a continued follow-up in future bapineuzumab clinical studies.
After a single intravenous dose, plasma bapineuzumab levels increased, with median values peaking between 1 and 2 hours after the start of the infusion. The levels remained elevated, with half-lives ranging from 21 to 26 days depending on the dose, thus supporting a 13-week dosing interval in a subsequent multiple-dose study. Elevated plasma antibody concentrations were associated with markedly elevated plasma Ab levels. Ab in the plasma has generally been thought to have a rapid turnover under normal conditions, 16 so it is unclear whether the observed elevation in plasma Ab represents mobilization from sources outside the plasma, whether it is due to stabilization by antibody binding, reduced clearance, or both.
The MMSE is a simple test of memory, orientation, language, and constructional abilities, and was used in this study as an indicator of the general cognitive status of patients. A prespecified analysis of change in MMSE at week 16 was planned as an exploratory efficacy end point of this study, comparing the patients dosed with bapineuzumab in each dose group with the combined placebo group. Although there was evidence of efficacy at the 0.5 and 1.5mg/kg doses, there was no effect on MMSE score in the highest dose group (5 mg/kg).
The results from this phase 1 study provide a preliminary assessment for designing a future multiple-dose regimen study. MMSE scores improved at the lower doses of bapineuzumab compared with placebo, but not with the highest dose (5 mg/kg). This higher dose was also associated with MRI FLAIR abnormalities that resolved over time. The safety and efficacy results, combined with the half-life of 21 to 26 days determined by PK analyses, suggest that it may be possible to administer bapineuzumab at quarterly dosing intervals throughout the year. On the basis of the findings in this phase 1 trial, a phase 2 trial has been conducted with quarterly dosing at a maximum dose of 2 mg/kg, and a phase 3 program to test this further is ongoing. AUC indicates area under the concentration-versus-time curve; Cl, systemic clearance; C max , peak concentration; CV, coefficient of variation; MRT, mean residence time; SD, standard deviation; t ½ , terminal phase elimination half-life; t max , time to peak concentration; Vss, apparent steady-state volume of distribution.
